The step cascade with side flow is defined as a step cascade where uranium of lower assays than that from the final stage is withdrawn, and where also, in addition to the major feed, reprocessed spent uranium is introduced as minor feed. A method of calculation is proposed for finding the exact total flow rate of the stream entering the separators in a step cascade with side flow in steady state and without losses of uranium.
INTRODUCTION
A method of calculation has been proposed by the author(1) for finding the exact total flow rate of the entering stream fed to the separators in a step cascade in steady state and without losses. In this method, UF6 of a certain assay is supposed to be fed to the step cascade only through one feed point corresponding to the assay. Furthermore, it is supposed that the product of enriched UF6 is withdrawn only from the top of the step cascade and waste of depleted UF6 is evacuated only from the bottom.
Let us call such a step cascade a normal step cascade. In actual plants(2)(3), UF6 of various assays returned from reprocessing process is fed to the plants as well as the major feed of UF6, and UF6 of assays lower than that from the top of the cascade is also produced and withdrawn. Thus, a step cascade in an actual plant would be involved with feed and production of UF6 of various assays. We shall call such a step cascade a step cascade with side flow. Figure 1 is a schematic drawing of such a cascade.
To the author's knowledge, there is rio information available on the method of calculating the exact total flow rate of a stream entering sepa- Fig. 1 Step cascade with side flow rators in a step cascade with side flow. We shall here present an extension of our method for normal step cascade to the case of the step cascade with side flow. This extended method will be concisely described by general expressions and the procedure of calculation using a computer * Kanda-kaji-cho , Chiyoda-ku, Tokyo.
will be briefly explained.
Using the extended method, we can find the effects of withdrawal of UF6 at a lower assay than from the top of the cascade, and the effects of minor feed of UF6 on characteristics of the step cascade with side flow.
The characteristics of a step cascade with side flow will be found for a plant which can produce enriched uranium necessary for the nuclear power generating program of Japan in 1985, and which can at the same time reenrich uranium discharged from the pressurized and boiling water reactors.
II. EXPRESSIONS FOR THE STEP CASCADE WITH SIDE FLOW
The flow rate is inevitably decreased or increased at the junction between stages when UF6 is withdrawn or fed at that point. Withdrawing and feeding of UF6 can be performed only at the junction of adjacent steps at the assay shown in Fig. 2 . If UF6 is neither withdrawn nor fed at the junction, the exact conservation of matter holds and streams with different assays are mixed at one point. By adopting such a junction as shown in Fig. 2 , separation is performed with good efficiency. is supposed to be continuously withdrawn from the top of the i-th step at a flow rate Pi, and be continuously fed to the bottom of the i-th step at a flow rate Fi. The flow rate Fo is the amount of major feed. The flow rates Ps and P-(B+1) denote the flow rate of the product emerging from the top of a step cascade and that of the waste from the bottom, respectively. It is not practical to withdraw a product at rate Pi from the top of the i-th step while at the same time feeding the same assay of (miNi'=0Ni+1') at rate Fi+1. If the product is withdrawn at rate Pi, Fi+1 should be zero. As a matter of fact, the values of P-1, Ps+1 and F-B are always considered to be zero in any computation. However, general expressions can be successfully established by adoption of the condition that product is withdrawn at rate Pi while at the same time a feed enters at rate Fi+1. The balance between the flow rates of UF6 entering and leaving the whole enriching section above an imaginary dividing line drawn between the j-th and the (j+1)-th stages in the i-th step of the 
III. PROCEDURE OF CALCULATION
For the top stage of each step except the top step, the flow rate entering the stage is Li'+Li+1" and the cut is (Li'-Li"+Li+1")/(Li'+Li+1"), as shown in Fig. 2 . A modified equation for the top stage of each step can be derived from Eq. ,, -1Ni' from a prescribed miNi' using the modified equation. On the other hand, the computer in the i-th step, using Eq. (3) or (8). When ,mi-1Ni' (computed) becomes larger than mi-1Ni' (tentative), the computation is stopped. The number of repeated computations indicates the number of stages included in the i-th step mi. A short derivation gives the expression for the total flow rate of the stream entering the separators in the step cascade:
Total flow rate of entering stream A computation code "STEP-III" is prepared by programming expressions in Chap. II and the above-mentioned procedure. Using the code "STEP -III" , the numbers of stages can be found with Eq. (3) or (8), where the value of reflux in each step has been previously given .
Another computation code "STEP-IV" has been prepared with the aim of finding the value of the reflux in each step under the given numbers of stages. The procedure in the code "STEP-IV" is as follows: first, an arbitrary value of reflux is given in the top step and the same computation as that in the code "STEP-III" is carried out for obtaining the number of stages in the top step. The computation is iterated by changing the value of reflux till the computed number of stages becomes equal to the given number of stages. Thus, the final value of reflux for the top step is determined. Then, similar computations are successively performed for each step towards the bottom step.
The total flow rate of the stream entering the separators in the step cascade can be found from the values of the computed reflux and the given numbers of stages, using Eq. (11).
IV. APPLICATION
The Uuited States Atomic Energy Commission published(4), in April 1972, data on new gaseous diffusion plants which will be located in the United States. One of such plant has 8.75 million-SWU/yr capacity based on 1970 Technology.
A product assay of 4%235U, a feed assay of 0.711%235U and a tail assay of 0.25%235U are assumed for preliminary design of the plant, which has 3 steps [270 stages (top step), 190 stages and 240 stages] in the enriching section and 3 steps [310 stages, 100 stages and 70 stages (bottom step)] in the stripping section.
The internal 235U assays are graphically indicated against the number of stages. The separation factor of the diffusers and the flow rate of the stream entering the stages in each step have not been published, but can be found by computations using the code "STEP-IV" under the assumption that the above-mentioned plant is operated with the minimum total flow rate of stream entering the diffusers.
From the results of computation, the separation factor of the diffusers installed in the new plant is revealed to be about 1.0022. From the plant, 1,500t/yr of uranium (enrichment of 4%) are produced, for which 12,201.74 t/yr of natural uranium (0.711%) are required, and 10,701.74t/yr of depleted uranium (0.25%) are evacuated. The value of the total flow rate of stream entering the diffusers corresponds For the design of the plant, assays of top product, major feed and tails are assumed to be 4, 0.711 and 0.25%, respectively.
The assays at the boundary between the adjacent steps are assumed to be 3, 2.42, 1.2 and 0.84% in the enriching section and 0.366 and 0,301% in the stripping Table 1 Computed flow rates and cuts for new 8.75 million-SWU/yr plantt Table 2 Computed characteristics of 8.75 million-SWU/yr plantt with 5 steps in enriching section and 3 steps in stripping section section. The plant can produce 1,500 t/yr of uranium with an enrichment of 4%. Then, 12,201.74 t/yr of natural uranium are required, and 10,701.74 t/yr of depleted uranium are evacuated. Under the condition of the minimum total flow rate of stream entering the diffusers in the cascade, the value of reflux and the number of stages in each step are obtained from computations using the code "STEP-III". The value of the minimum total flow rate of stream entering the diffusers ratio of the minimum total flow between that in the step cascade and that in a corresponding ideal cascade is found to be 1.0513. The characteristics of the plant are listed in Table 2 . A plot of the stream flow rate versus stage number in the step cascade of the plant is shown by a solid line in Fig. 3 . In operation, the enriched uranium necessary for pressurized and boiling water reactors should be withdrawn from the plant at the same time. Furthermore, the plant should be fed with uranium returned from reprocessing. For PWRs, 3% enriched uranium is assumed to be required and 1.2% uranium discharged(5). For BWRs, 2.42% enriched uranium is assumed to be required and 0.84% uranium discharged (5) . For cases where enriched uranium with assays of 3 or 2.42% is withdrawn from the plant and for other cases where uranium with assays of 1.2 or 0.84% is fed to the plant in addition to the major feed, the variation of the flow rate of the stream entering stages in each step is obtained from computations using the code "STEP-IV" under the following conditions:
(1) As major feed, 12,201.74 t/yr of natural uranium are fed to a step cascade with side flow. (2) The number of stages in each step is equal to that in the corresponding step listed in Table 2 .
(3) The values in the second column of Table 2 are adopted for the assays at the boundary between the adjacent steps regardless of the variation of the flow rate.
(4) The total flow rate of the stream entering the diffusers in a step cascade with side flow is minimum. Stream flow rates are listed in Table 3 for a case where 3% enriched uranium is withdrawn from the plant. The flow rates of column A in Table  3 are equivalent to those in Table 2 . Column B gives flow rates in a plant producing 1,000 t/yr of 3% uranium. If the plant produces 2,000 t/yr of uranium 3% enrichment (column C), the remainder of the capacity is equivalent to a production of 33 t/yr of 4% enriched uranium. Column D in Table 3 indicates also flow rates for a step cascade with a minor feed of 1.2% depleted uranium. If 2,000 t/yr of 1.2% uranium are fed to the plant, 2,657.33t/yr of 4% uranium can be produced. Stream flow rates are also listed in Table  3 for the case where 2.42% uranium is withdrawn from the plant. Column B' in Table 3 indicates the flow rates for a case where 1,000 t/yr of 2.42% uranium are produced. If the plant produces 2,000 t/yr of 2.42% uranium (column C'), the remainder of the capacity is equivalent to a production of 342 t/yr of 4% uranium. Column D'
in Table 3 gives the flow rates for a step cascade with a minor feed of 0.84% uranium. If 2,000 t/yr of 0.84% uranium are fed to the plant , 2,006.67 t/yr of 4% uranium can be produced.
The demand for enriched uranium and the amount of uranium discharged from nuclear reactors in Japan in 1985 can be estimated on the basis of a report issued by the Central Power Council of Japan in 1971. Based on this report, the author has estimated that, in that year 1985, pressurized and boiling water reactors in Japan will require 700 and 1,300 t/yr respectively, of enriched uranium and will discharge similarly, 440 and 560t/yr of depleted uranium. The enriched uranium is assumed to be withdrawn from the plant with the characteristics listed in Table 2 , and the discharged uranium from the reactors are assumed to be reenriched in the plant. A step cascade with side flow from which the enriched uranium can be withdrawn and in which the discharged uranium can be reenriched, can be found from a computation using the code "STEP -IV" under the above-mentioned conditions Table 3 Computed flow rates of 8.75 million-SWU/yr plant with 5 steps in enriching section and 3 steps in stripping section line and the solid line that there is a difference in the flow rate of the stream entering the diffusers in each step between that for the step cascade with side flow in this example and that for the normal step cascade in which 1,500t/yr of 4% uranium are withdrawn only from the top .
The conclusions obtained from the present study can be summarized as follows:
(1) A method of calculation is proposed for finding the exact total flow rate of stream entering the separators in a step cascade with side flow, in steady state and without losses. Enriched uranium is withdrawn from the junction of stages between adjacent steps. Minor feed is fed to a junction other than the above. Exact conservation of matter holds at all points along the step cascade with side flow, when account is taken of all withdrawals and feeds of uranium. (2) The code "STEP-IV" has been developed for finding the flow rate of the stream entering the separators in each step when the total flow rate of the stream entering the separators in a step cascade with side flow is minimized with the prescribed number of stages.
(3) It is found from the results of calculation using the code "STEP-IV" that the separation factor of diffusers in the new gaseous diffusion plant to be established in the United States is about 1.0022. (4) As an example of application of the proposed method of calculation, the modification required to be brought to the flow rate of the stream entering the separators is obtained for the case where the uranium supply and discharge relevant to pressurized and boiling water reactors are withdrawn or fed, and the results are listed in Table 3 . As another example, the flow rate of the stream entering the separators in each step is calculated for a plant which will enrich uranium in amounts estimated to be required in Japan in 1985. It becomes evident from these results that the capacity of the diffuser near the major feed should be larger and that near the top of the cascade should be smaller in comparison with the capacity obtained by the method of calculation adopted for the normal step cascade.
This fact means that the present extended method promises to be a useful tool for detailed design study of such plants.
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